
UNCLASS 11- 1D _____9__

SECUIAITY (:LASSIrICATION 0 'r T141S PAGF (1rhe:I)*, Ec n~fo

RE."ORT- D-31CUMENTATIM",4 ?A L rFORL COMPT-FTNG FORN, 3

1. REPORT I4Ug~E '. G VTA ES1. Nso. 3. RECiPIENT77jCAT, kuLO(.

4. TITLL j

Population inversions and Thei.r lnl1Ja 7 -

9. PEiWORRAING ORGANZTO AE N-DRS 0.PORME E.PROrT. VSi

I. CEJOTROLING OGAICEIO NAME AND ADDRESS 12. PROGA LtFNPRJ% ,T1

U. S. Army Research Office Ma), 8__ __

Post Office Box 12211((
Research Triangle Park, NC 27709 _____

X M M~ONITORING AGENCY NAtME A ADDRESS(II dIfterrnt Item Controlling Office) 15 SECUR ITY CLA SS (of thia eiport)

. ,~. JUnclasified

Approved for public release; distribution unlimited. OI
_ _ _CT B3 O

17. DISTRIBUTION STATEMENT (of the abstract nok0,it different from Report)

NAA

8SUPPLE14ENTARY NOTES

The view, opinions, and/or findings contained in this report are those of the

C) author(s) and should not be construed as an official Department of the Army
position, policy, or decision, unless so designated by other documentation.

1~, 9. I.EY WORDS (Continue on rover&* aide It fl.C**#AiV and Identity vy otocic numaer)

Alkali halide, shock tube, laser, ion-ion recombination, kinetics

Alkai haide olecles isso iatedby hoc wve in gases exhibit population

distributions far from equilibrium. The kinetics of the subsequent chemical
relaxation have been worked out and the rate coefficients have becon determined
for many of these ionic molecules. In some cases, the noncquilibrium populations,
are highly inverted, and in at least two systems, the inverted population has
been used to produce light amplification (lasing action) with spectral li nl in
the visible region. -o %I/,qtA

FORA7

DiD J..w 1413 EDITnoN OF I NOV 65 IS OBSOLETE UNCLASSM tED

806 . ~



THEMALLY-PRODUCED POPULATION INVERSIONS AND THEIR CONSEQUENCES

-FINAL TECHNICAL REPORT

Rt. Stephen Berry, Principal Investigator

30 May, 1980

U.S. ARMY RESEARCH OFFICE

GRANT DAAG29 77-G-0O8O

The University of Chicago
Chicago, Illinois 60637

Approved for public release: distribution~ unlimited

S I ---- m----_r

Jut if icat ion--

Dint. special



This research has been the exploration and exploitation of observations

made first by us, -,2 under ARO support, and then b)' others, 3 - that when

gaseous alkali halide molecules are dissociated by collisions behind shock

waves, the population of dissociated species has a distribution far from

equilibrium. The salts of rubidium and cesium, and some of the salts of

potassium and even sodium, have their populations inverted in the sense

that the fraction of molecules dissociating to ions, relative to the fraction

dissociating to neutral atoms in their lower-energy ground states, far

exceeds the fraction corresponding to thenfnal equilibrium, at infinite

temperature. The research carried out under this Grant has been diiected toward

a) elucidating the kinetics of chemical relaxation of these systems from

their distributions immediately following the shock-induced heating to

equilibrium, and b) making use of the inverted populations to generate

processes of interest such as lasing action. The research consisted of two

kinds of shock-tube experiments, plus interpretive work in the form of

modeling calculations and theoretical studies. The experiments were syste-

matic kinetic studies corresponding to a) above,, and exploratory spectro-

scopic investigations of the possibilities of lasing action or other inter-

esting light emission phenomena, under the rubric of b), above.

The kinetic studies were begun under a- previous Grant from the Army

Research Office and have now been completed. The results, which constitute

the doctoral theses of Richard Milstein and Joseph Weber, provide a quanti-

tative picture of the relaxation processes for RbCl, RbBr, RbI, CsCl, CsBr,

CsI, and, slightly less extensively, NaCI and KBr. The model is based on

the following set of reactions:
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(Let M : alkali, X = halogen, * = electronic excitation)

Ar + MX + Ar + M + X-; (1)

Ar +' MX + Ar + M0 + X (2)

Ar + X <Ar + X + e; (3)

o 0 -) + (4M + X -+ (4)

ill + e +M' + 2e; (5)

X + e + + 2e; (6)

MX + e M + X (7)

'PIX + e M + X+e. (8)

At higher temperatures, the model also included

* M*-+ (9

M + X M + X (g)

and *
M + M + hV. (10)

We investigated the importance of ion~zed halogeyn and ionized argon, and

found they are unimportant under the condltions of our experiments.

The temperature range of the studies was about 20)0-7000K. The kinetics

experiments were carried out by moniLoring absorpUi,.,n spectra, either photo-

metrically or photographiocally, as functions of time. The species monitored

were the alkali atoms, the halide ions and the diatomic molecules. The

kinetic model contains six species (except at high temperatures, where

't includes M as a seventh). Moreover there are two equations for mass

conservation--one for M and one for X--and one for charge neutrality.

Hence in principle each system is completely determined. Moreover the

reactions were often followed to equilibrium, where the thermodynamic
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-equi librium constants provide an additional set of constraints; and

finally, the rate coefficients for processes common to more than one

salt, such as Ar + Br + Ar + Br + e, must 'be consistent from one salt

to another. Consequently the reaction system is highly overdetermined.

In practice this overdetermination is not quite so complete because

df uncertainties, for example, in the temperature dependencies of mole.-

cular absorption coefficients, or of the precise corrections to be

made when spectral lines are not thin. Nevertheless the net result is a

rather satisfying picture in which rate coefficients for reactions (1)-(5)

have been determined, and in which upper bounds have been found for

reactions (6)-(8) which say that they are not important in our systems.

Moreover the rate coefficients for reactions (1)-(5) have been measured

over temperature ranges long enough to permit us to, fit them to phcnomenological

forms such as Arrhenius expressions and to determine the phenomenological

paramete s. In cases where our results may be compared with those of

other flame or shock tube studies, the kgreement is quite good. '6 The

shock-tube results from three laboratories for Reaction (3), Ar + X Ar + X +e

are quite consistent. The results for reaction (4) are consistent with
7

those from flame studies, when one takes into account that the flame kinetics

work distinguished m, + '° - 1
+k + X - from M° -+ X° + Ar -+ + + X + Ar

-but our work did not. The results from the shock tube studies, while self-

consistent, are not all in good agreement with flame studies, e.g. for

reaction (1), and there has been a well-recognized difference between the

shock tube studies and molecular beam studies for reaction (3). Our results

,have been presented in preliminary form in Mandl's review and summarized



,npdr by thi~s mritcr;. .the, latter rieference also- siates the present

siutinreadigthe, discrepaVt rates. Thie r~s,1ts S.rc availeble in

;detail, in the theses -of 'Milsteii and Weber~ (whiich, at the ti1ie of this

-wti~ng, i s still in 4r af t f orm), anid Will - be -publish!Aed soon after Weber Is

The second, part of' th-e-expimenta1 researchi itivolved combibing hnowl.

,bdgp of the inverted' populatibns., :togpther mith the Inowledgib that nqar-

resonant ion-ion neuttalitation thas a vi' l: Iargp cross tection, to: try to

*gieaclarge PopUlatiots. of' Wtins ih~ ex citeid 61tectxonid states, by the

process.( in- reverse', + W-~-~ X_. This-worh ivas sucdesf, 1.-when

Na was used. as AM and I was iised-as ki The, tesultt were soMetihes intense

b wrsts of' light fronm the -yellow NaIb line and-sometimbs nonsiniisoidal but

oscillatory 6mlssioii of flid same lightJ 'Tes prbcesses,-hdve been modeled,

by I{.-r Wang- in- studjics, carr:it, oijt-under the ARQ- Gtan t, and- willbie publlihd.

They :appear- to- fbe -the, consequiences o f the nohipbiayityofhekntc

Sstem (1)~5,(9) , )I, especialy, the ailtocatalytic -reActibn (5h

Light amplificatioii in, i611rjoh neutrailzktionf had been pbservvd'iiv

the f2ar!.krom-te~tbnant cadse of _Na + li- by Tib:*Iov and' Shukhtin; - We,

fondaplification in the _blub _w igs of the- WaD lin6 ap eal Rb lii116

'Which we attribitbd -to INa At' If -); NaAi' I I anid' N Art4 4 -Na . At + liv- and

_-dt& th&corirespondiing processe's mi-th Rzb'; Th electrOn rne gp

,u ystn syr neatly ti~sohant. i~seaicli -Subsequent to 06, G ant -dis-

Duing so 6 thteoretical s8tudies -a' med at understdnding the tt !actions,

'C C~l~y ~ +X +.Xad ~i +MW ~ ~ Wng ~a 4l
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to extend many of the ideas of quantum defect theory to states of atoms

with two valence electrons. This work will be published in due cours .
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